We present steady shear rheology data for sodium polystyrene sulfonate (NaPSS) in semidilute unentangled salt-free aqueous solution as a function of polymer con- Our findings confirm several aspects of current models for polyelectrolyte solutions but some deviations from theory remain.
1
Institute of Physical Chemistry, RWTH Aachen University, Landoltweg 2,
D-52056 Aachen, Germany
We present steady shear rheology data for sodium polystyrene sulfonate (NaPSS) in semidilute unentangled salt-free aqueous solution as a function of polymer con- Our findings confirm several aspects of current models for polyelectrolyte solutions but some deviations from theory remain. The aim of this paper is to determine how the specific viscosity and longest relaxation time of NaPSS vary with the molar mass in salt-free unentangled solution. These two parameters determine the rheological response of polymer solutions and are therefore of interest from a practical point of view. The results will be compared with literature results for various other quantities to check the consistency of the available experimental data.
SCALING THEORY
Polyelectrolyte chains in dilute salt-free solution adopt a rod-like conformation for distances larger than the thermal blob (ξ T ).
3 Their end-to-end distance is given by:
where b is the length of a monomer and N is the degree of polymerisation. The stretching parameter (B ≥ 1) accounts for chain folding at length-scales smaller than ξ T 3 . In the following we use the effective monomer size b = b/B for convenience.
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The overlap concentration (c * ) marks the onset of the semidilute regime 28 :
In semidilute solution (c > c * ) the mesh size or correlation length scales as:
where c is the monomer concentration. Polyelectrolytes display a peak in their scattering profile at wavevector q * . The correlation length may be determined as ξ = 2π/q * . An alternative expression for ξ was derived by Muthukumar [29] [30] [31] [32] [33] [34] [35] :
where L K,0 is the intrinsic Kuhn length and w c is a measure of the electrostatic excluded volume interaction. c K is the concentration of bare Kuhn monomers.
Chains are expected to be rod-like on length-scales smaller than ξ and ideal on larger length-scales. 1, 3, 4 The end-to-end size of a chain is therefore predicted to vary as:
The terminal modulus (G) of a chain is calculated as 28 :
where k B is the Boltzmann constant and T is the absolute temperature.
Hydrodynamic interactions are assumed to be screened for distances larger than the correlation length. The longest relaxation time of a Rouse (free draining) chain is:
where N R the number of Rouse monomers with relaxation time τ 0 . The exponent ν R describes the polymer conformation for distances larger than ξ. de Gennes's model expects chains in semidilute solution to be Gaussian beyond ξ (see Eq. 5) and therefore ν R = 0.5.
τ 0 is taken to be the Zimm (non-draining) time of a correlation blob:
where η s is the solvent viscosity. The longest relaxation time of a chain in semidilute solution can then be calculated to be:
The specific viscosity (η sp ) is estimated as the product of the terminal modulus and the longest relaxation time divided by the solvent viscosity:
where η is the solution's dynamic viscosity at zero shear rate. The η sp ∝ c 1/2 dependence is known as the Fuoss law 36 . Muthukumar's double screening theory makes a similar prediction:
where L K,0 is the bare (intrinsic) Kuhn length of the polyelectrolyte and L its contour length.
In salt-free solution the effective step length l is predicted to vary as:
where R g is the radius of gyration of a chain.
The diffusion coefficient of chains can be calculated from their end-to-end distance and longest relaxation time as D R 2 /τ R :
Eqs. 9-13 are valid below the entanglement concentration. Molecular dynamic simulations 37, 38 support the scaling laws in Eqs. 
I. METHODS
NaPSS samples were purchased from Polymer Standard Services. The molar masses of the samples were determined by the manufacturer by GPC with light scattering detection. Table I compiles the weight averaged molar mass (M w ) of the different samples employed in this study. Dialysis against DI water was carried out by the manufacturer to remove impurities. The water content of the received polymer powder was determined to be 10%
by thermal gravimetric analysis. Deionised (DI) water was obtained from a mili-Q source.
Rheological measurements were carried out on Kinexus-Pro and TA Hybrid rheometers with cone and plate geometries of 40 or 60 mm diameter. The temperature (298K) was controlled with a Peltier plate. A solvent trap was employed to minimise evaporation.
Solutions were stored in plastic vials to avoid ion contamination. 
II. RESULTS
where η(0) is the solution viscosity at zero shear rate. estimates and we present only the result of the intercept method for clarity.
III. DISCUSSION
A. Rheology of salt-free unentangled solutions.
The trends presented in Figure 2a -c are in good agreement with the concentration dependences predicted by Eqs. 9-10. Deviations from the Fuoss law have been observed for NaPSS 6 and a number of semiflexible polyelectrolytes [44] [45] [46] [47] [48] . The origin of these deviations is not well understood 6,37 and we do not discuss them further. We focus instead on the molar mass dependence of these quantities which has not been clearly determined previously. The observed exponent departs significantly from the Rouse model prediction (Eq. 10) of η sp ∝ N for ideal chains. Reports of stronger exponents (η sp ∝ N 2.4±0.6 ) for NaPSS and poly(sodium acrylamido-co-trimethyl ammonium methyl methacrylate) (NaPAMS) in earlier studies 6, 42 are likely the result of the limited range of the datasets considered. We discuss origin of this discrepancy in more detail in section III D.
Data for the longest relaxation time of NaPSS from this work and references [ 6, 10, 43] are plotted in Figure 4a . Despite the limited number of data points available a power law of τ ∝ N 2.1±0.2 can be established. The prediction of Eq. 9 is therefore within the error of experimental results. 
B. Polymer conformation from hydrodynamic parameters
Having established the scaling of different hydrodynamic quantities we now calculate conformational parameters for NaPSS based on these scaling laws. The diffusion coefficient and longest relaxation time of a polymer chain are related to its end-to-end size via 8, 28 : A. The entire dataset is well described by the sum of L K,0 and an electrostatic contribution
where c is the polymer concentration is in mol/L. This indicates that a factor of 16-25 should be added to the left hand side of Eq. 15.
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In the supporting information we discuss the statistical significance of the exponent and the possible origins of the non-Gaussian chain conformation in more detail. We conclude that the difference between the observed and predicted exponents is statistically significant but not able to reach a clear conclusion about its origin.
D. Comparison with other systems
We next compare the viscosity NaPSS with that of other polyelectrolytes in salt-free solution. Table S2 compiles the relevant parameters of the systems considered. over the entire N range by a factor of order unity ( 1.7). Since the terminal modulus is described quantitatively by Eq. 6 it is reasonable to assume that the overprediction of Eq. 10 is largely due to an error in the estimate of τ .
Scaling theory
The highest molecular weight of the NaPAMS samples considered deviates significantly from the other datasets. Calculating N for the two highest molar mass samples using Eq. 6 and terminal modulus data we obtain values that differ significantly from the GPC and intrinsic viscosity estimates of reference 42. Using these values (see hollow diamonds in Figure 8) brings the results of Krause et al. 42 closer to the general trend observed for other systems.
These two samples along with Ganter et al's NaPSS sample 50 appear to be the cause of the higher exponents for the specific viscosity with molar mass reported in earlier studies.
A variation of η sp ∝ c 0.68 is observed for NaCMC 52 . NaHy displays a stronger deviation from the Fuoss law 46 of (η sp ∝ c 1 ). It therefore appears that the agreement observed in Figure 8 is to some degree fortuitous. 
in Eq. 8) and decreases N R in Eq. 7 by a factor of L K /L K,e . The terminal modulus of chains is not affected and we therefore expect the correction to η sp to be of order L K /L K,e .
The small correction of due to intrinsic rigidity explains the success of Dobrynin's model for semiflexible polyelectrolytes. 44 
Double screening theory
The predictions of double screening theory (Eq. 11) are compared with experimental data in Figure 8 . We calculate the contour length as L = N b . Values of L K,0 and ξ are obtained from experimental reports and compiled in Table S2 . l is calculated using the value of w c obtained by fitting Eq. 4 to ξ data. [ 6, 8, 10, 11, 18, 19, [42] [43] [44] 46, 52, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . See Table S2 for more details. 
